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Neural activity-induced long-term potentiation (LTP)
of synaptic transmission is believed to be one of
the cellular mechanisms underlying experience-
dependent developmental refinement of neural
circuits. Although it is well established that visual
experience and neural activity are critical for the
refinement of retinal circuits, whether and how LTP
occurs in the retina remain unknown. Using in vivo
perforated whole-cell recording and two-photon
calcium imaging, we find that both repeated electri-
cal and visual stimulations can induce LTP at excit-
atory synapses formed by bipolar cells on retinal
ganglion cells in larval but not juvenile zebrafish.
LTP induction requires the activation of postsynaptic
N-methyl-D-aspartate receptors, and its expression
involves arachidonic acid-dependent presynaptic
changes in calcium dynamics and neurotransmitter
release. Physiologically, both electrical and visual
stimulation-induced LTP can enhance visual re-
sponses of retinal ganglion cells. Thus, LTP exists
in developing retinae with a presynaptic locus and
may serve for visual experience-dependent refine-
ment of retinal circuits.
INTRODUCTION
During development, neural activity-dependent long-lasting
enhancement of synaptic transmission, known as long-term
potentiation (LTP), is believed to play a crucial role in experi-
ence-dependent refinement of neural circuits (Constantine-Pa-
ton et al., 1990; Feldman, 2009; Fox and Wong, 2005; Katz
and Shatz, 1996; Malenka and Bear, 2004; Zhang and Poo,
2001) and has been found in many brain regions (Lynch, 2004;
Malenka and Bear, 2004). Whether LTP also exists in the devel-
oping or mature retina remains unclear. However, mounting
evidence has shown that both visual experience and neural
activity are required for the normal development of retinal circuits
(Feller, 2003; Fox and Wong, 2005; Sanes and Zipursky, 2010;Tian, 2008). For example chronic pharmacological blockade of
glutamatergic neural activity in the developing cat retina
prevents the stratification of ON and OFF dendrites of retinal
ganglion cells (RGCs; Bodnarenko and Chalupa, 1993; Bodnar-
enko et al., 1995). Visual deprivation through dark rearing also
impairs both the pruning of RGC dendrites and the conversion
of bistratifying ON-OFF RGCs into mono-stratifying ON or OFF
RGCs in the developing mouse retina (Tian and Copenhagen,
2001, 2003; Xu and Tian, 2007). Recent genetic studies further
reveal that interference with synaptic transmission of bipolar
cells (BCs) to RGCs not only reduces the growth of synapses
formed by BC axon terminals on RGC dendrites (Kerschen-
steiner et al., 2009) but also impairs the specificity of these
synapses (Morgan et al., 2011). These findings suggest that
activity-dependent long-term synaptic modification exists in
the developing retina and is responsible for the refinement of
developing retinal circuits.
Using in vivo perforated whole-cell recording and G-CaMP-
based time-lapse two-photon calcium imaging, we test this
hypothesis in the retina of zebrafish larvae especially at 3–
6 days postfertilization (dpf), a period during which the retina
undergoes rapid development (Neuhauss, 2003; Zhang et al.,
2010). We found that theta-burst stimulation (TBS) can efficiently
induce LTP at excitatory synapses formed by BCs on RGCs
at 3–6 dpf, but not at 15–20 dpf. This LTP is similar to that
induced in other brain regions in both the time course and the
dependency on postsynaptic N-methyl-D-aspartate receptors
(NMDARs). The expression of this LTP is accompanied by an
increase in the calcium response in the BC axon terminals, and
involves an increase in the probability of presynaptic neurotrans-
mitter release, as evidenced by an increase in the frequency
but not amplitude of miniature excitatory postsynaptic currents
(mEPSCs) in RGCs and decreases in both the paired-pulse ratio
(PPR) and coefficient of variation (CV) of electrically evoked
EPSCs (e-EPSCs) in RGCs. Arachidonic acid (AA), a candidate
retrograde signal, is necessary and sufficient for the presynaptic
expression of LTP.We then found that repetitive flash stimulation
(RFS) can also induce LTP at the BC-RGC synapse and that this
light-induced LTP can occlude TBS-induced LTP. Furthermore,
this LTP is functionally important because it causes a persistent
increase in light-evoked excitatory responses of RGCs. Finally,
both repetitive flash and moving bar stimulations (MBSs) can
persistently enhance light responses of RGCs, suggesting thatNeuron 75, 479–489, August 9, 2012 ª2012 Elsevier Inc. 479
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Figure 1. Induction of LTP at BC-RGC Synapses
by TBS
(A) Diagram of the experimental setup, depicting in vivo
perforated whole-cell recording in zebrafish larva retina, is
illustrated. R, recording electrode; S, extracellular stimu-
lation electrode.
(B) A bright-field image showing the retinal structure of
a 4 dpf zebrafish larva is presented. The inset shows the
morphology of a RGC, which was filled with lucifer yellow
after recording. The dendrites of the RGC ramify in the
proximal part (sublamina b) of the IPL. An extracellular
stimulation electrode (‘‘S’’) was placed near the soma of
BCs in the INL. GCL, ganglion cell layer; ONL, outer
nuclear layer.
(C and D) An example of changes in the amplitude of the
first (C) and second (D) peaks in RGC e-EPSCs (at60mV)
following TBS, with the RGC held in c.c., is shown. Sample
e-EPSCs are averages of 20 events around the time
marked by the numbered arrows. The data shown in (C)
and (D) were obtained from the same RGC. The gray
arrowheads mark the first (C) and second (D) peaks of e-
EPSCs analyzed, respectively.
(E and F) Summary of changes in the amplitude of the first
(E) and second (F) peaks in RGC e-EPSCs (at 60mV)
following TBS (filled circles) or in absence of TBS (open
circles), is shown. The data were normalized (norm.) by
the mean value (dotted line) observed before TBS. The
number in the brackets indicates the number of RGCs
examined. Error bars, ± SEM.
See also Figures S1 and S2.
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Long-Term Synaptic Potentiation in the Retinavisual experience is effective in modifying the function of devel-
oping retinal circuits. Thus, our study provides evidence for the
existence, mechanism, and functional importance of LTP in the
retina.
RESULTS
In Vivo Perforated Whole-Cell Recording of RGCs in
Zebrafish Larvae
Perforated whole-cell recordings were made from RGCs after
surgical removal of lens in intact zebrafish larvae aged between
3 and 6 dpf (Figure 1A; Zhang et al., 2010). Retinal lamination
could be clearly visualized under bright-field illumination, and
the morphology of individual RGCs was revealed by intracellular
loading of lucifer yellow via the recording pipette (Figure 1B). By
holding the cell at the reversal potential of Cl (ECl,60mV), we
monitored e-EPSCs of RGCs in response to extracellular stimu-
lation at BC soma in the inner nuclear layer (INL). The stimulation
was delivered through a theta glass electrode at an interval of
30 s. Consistent with the existence of two components of trans-
mitter release at ribbon synapses formed by BCs on RGCs in
the goldfish (Sakaba et al., 1997; von Gersdorff et al., 1998),
we found that e-EPSCs of zebrafish RGCs exhibited two peaks,480 Neuron 75, 479–489, August 9, 2012 ª2012 Elsevier Inc.with the appearance of the second peak at high
stimulus intensity (see Figure S1A available on-
line). The onset latency (time to peak) of the first
peak (12.7 ± 0.4 ms, obtained from 316 cells)
was more consistent than that of the second
peak (125.5 ± 4.4 ms, obtained from 173cells; Figure S1B). These e-EPSCs were mainly mediated by
the a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
(AMPA) subtype of glutamate receptors (AMPARs) because
they were abolished by the AMPAR antagonist 6-cyano-7-nitro-
quinoxaline-2,3-dione (CNQX, 50 mM; Figures S1C and S1D).
The existence of postsynaptic NMDARs at these BC-RGC syn-
apses was indicated by the requirement of both CNQX and the
NMDAR antagonist D-AP5 (D()-2-amino-5-phosphonovaleric
acid, 50 mM) to abolish the e-EPSCs when the RGC was voltage
clamped at +50mV (Figure S1C).
LTP Is Induced at BC-RGC Synapses by TBS
To induce LTP, we applied TBS consisting of eight trains (spaced
by 200 ms) of five pulses at 100 Hz, with the RGC held in current
clamp (c.c.). As shown by the example recording in Figures 1C
and 1D, we found that a persistent increase in the amplitude of
both peaks of e-EPSCs appeared after TBS and lasted for
more than 45 min. The results from all experiments showed
consistent enhancement of both peaks of e-EPSCs for as long
as stable recording could be made (‘‘TBS (c.c.)’’; Figures 1E
and 1F). The mean amplitude for the first and second peaks of
e-EPSCs during 10–40 min after TBS was 177% ± 15% (n =
18; p = 0.002) or 150% ± 13% (n = 10; p = 0.003) of the mean
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Figure 2. Induction of LTP Requires the Activation
of Postsynaptic NMDARs
(A) Effect of hyperpolarizing RGCs on LTP induction is
illustrated. Top view shows that the RGC was stimulated
with two episodes of TBS with the first under voltage
clamp (v.c.) at 90mV and the second under c.c. Bottom
view is a summary of results from all experiments on LTP
induction, with TBS applied when the RGC was under v.c.
at 90mV.
(B) An example (top) and summary (bottom) of data
showing the effect of bath application of D-AP5 (50 mM) on
the LTP induction, are presented. The gray arrowheads
mark the first peaks in e-EPSCs.
(C) Examples (top) and summary (bottom) of data show-
ing LTP induction under breakthrough whole-cell re-
cording without (‘‘No MK-801’’) or with (‘‘MK-801’’) intra-
cellular loading of MK-801 (1 mM) into recorded RGCs
are shown.
(D) Summary of all results of LTP induction is presented.
The extent of LTP is represented by the mean e-EPSC
amplitude during 10–40 min after TBS divided by themean
control value before TBS. ‘‘No TBS’’ and ‘‘TBS (c.c.),’’ data
from Figure 1E; ‘‘TBS (v.c.),’’ data from (A); ‘‘TTX,’’ data
obtained under bath application of TTX (1 mM, Figure S3);
‘‘D-AP5,’’ data from (B); ‘‘NoMK-801’’ and ‘‘MK-801,’’ data
from (C). Error bars, ± SEM. **p < 0.01, ***p < 0.001
(unpaired Student’s t test).
See also Figure S3.
Neuron
Long-Term Synaptic Potentiation in the Retinacontrol values observed before TBS, respectively. In the
following analysis we focused on the first peak because the
second peak did not always appear (Figure S1A). No change in
the amplitude of both peaks in e-EPSCs was observed in the
absence of TBS (‘‘No TBS’’; Figures 1E and 1F).
To examine whether LTP can occur at relatively mature
retinae, we performed similar experiments in zebrafish aged
between 15 and 20 dpf, during which the zebrafish retina has
matured (Neuhauss, 2003). We found that TBS could not induce
persistent enhancement of e-EPSCs in RGCs (94% ± 6% of the
control, n = 5; p = 0.35; Figure S2A). Taken together, these
results suggest that LTP is more readily induced in the immature
zebrafish retina.
LTP Induction Requires Activation of Postsynaptic
NMDARs
Next, we examined whether the activation of postsynaptic
NMDARs on RGCs is required for the induction of LTP at BC-
RGC synapses. First, we found that preventing NMDAR channel
opening during TBS by voltage clamping the RGC at a hyperpo-
larized potential (90mV) prevented TBS-induced changes in
the e-EPSC amplitude in all cases (‘‘TBS (v.c.),’’ 99% ± 3% of
the control, n = 14; Figures 2A and 2D), whereas the same TBS
increased the e-EPSC amplitude when the same cell was held
in c.c. (‘‘TBS (c.c.)’’; Figure 2A). To examine whether the action
potential of RGCs is required for the expression of LTP, we
applied the voltage-gated sodium channel blocker tetrodotoxin
(TTX, 1 mM) and found that the induction of LTP by TBS was
not prevented (160% ± 18% of the control, n = 10%; p =0.009; Figures 2D and S3). Second, bath presence of D-AP5
(50 mM) prevented LTP induction by TBS (100% ± 5% of the
control, n = 8; Figures 2B and 2D). Third, intracellular loading
of MK-801 (1 mM; Du et al., 2009; Humeau et al., 2003), an
open-channel blocker of NMDARs, into the RGC via the
recording pipette in the breakthrough mode was effective in
preventing LTP induction (‘‘MK-801,’’ 86% ± 12% of the control,
n = 8; p = 0.4; Figures 2C and 2D). The absence of LTP was not
due to the washout effect of the breakthrough recording
because robust LTP could be still induced by TBS under break-
through recording mode in the absence of MK-801 (‘‘No MK-
801,’’ 149% ± 8% of the control, n = 6; p = 0.00005; Figures
2C and 2D). Therefore, the induction of LTP at BC-RGC syn-
apses requires the activation of postsynaptic NMDARs.
Persistent Increase in Presynaptic Calcium Responses
after LTP Induction
To examine possible presynaptic changes after the induction
of LTP at BC-RGC synapses, we monitored changes in electri-
cally evoked calcium responses of BC axon terminals after
TBS by using in vivo time-lapse two-photon calcium imaging
on the double-transgenic zebrafish Tg(Gal4-VP16xfz43,UAS:
GCaMP1.6) larvae at 3–6 dpf, in which the genetically encoded
calcium indicator GCaMP1.6 is specifically expressed in some
BCs (see Experimental Procedures). As shown by the example
in Figure 3A, individual axon terminals of BCs could be recog-
nized in both the sublaminae a and b of the inner plexiform layer
(IPL). To evoke calcium responses of BC axon terminals, we
applied the same extracellular stimulation protocol as thatNeuron 75, 479–489, August 9, 2012 ª2012 Elsevier Inc. 481
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Figure 3. TBS Induces a Persistent Increase in Ca2+ Responses of
BC Axon Terminals
(A) In vivo two-photon fluorescence optical section through the retina of a 4 dpf
Tg(Gal4-VP16xfz43,UAS:GCaMP1.6) larva, in which GCaMP1.6 is specifically
expressed in some BCs (green), is demonstrated. The soma of GFP-ex-
pressing BCs preferentially locates in the distal part of INL, and its axon
terminals are at both the sublaminae a and b of IPL. Red indicates the tip of
the stimulating electrode (white arrow) loaded with dextran. The calcium
responses of BC axon terminals in the region indicated by the white rectangle
are shown in (B).
(B) Calcium responses of BC axon terminals immediately before (top) and after
(bottom) an electrical stimulus, are presented. Pseudocolor images using
scale of fractional change in fluorescence intensity relative to average baseline
levels are shown.
(C) Electrically evoked calcium responses of all five responsive BC axon
terminals from a single retina 0–5 min before and 25–30 min after TBS appli-
cation, are shown. The small black bars (top) indicate electrical stimuli.
(D) Summary of data showing that TBS induces a persistent increase in the
amplitude of calcium responses in BC axon terminals, is demonstrated. Data
were obtained from all 20 responsive BC axon terminals from 4 different
retinae. Error bars, ± SEM.
See also Figures S2 and S4.
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Long-Term Synaptic Potentiation in the Retinaused during e-EPSCs recordings. In addition the stimulating
electrode was loaded with fluorescent dextran (500 mg/ml) for
visualizing its tip position (red in Figure 3A). In response to extra-
cellular stimulation with a range of intensities used during whole-
cell recordings, electrically evoked calcium responses were
observed in less than ten BC axon terminals per retina (bottom
panel in Figure 3B), and the responses increased in amplitude
as stimulation intensity was elevated (Figure S4).
Figure 3C shows calcium responses of all five responsive axon
terminals in a single retina, and four of them exhibited enhanced
responses after TBS. The results from all experiments per-
formed in different retinae showed that TBS induced persistent
enhancement of calcium responses of BC axon terminals for
more than 30 min (Figure 3D). The mean amplitude of calcium
responses during 10–30 min after TBS was 169% ± 16% (n =
20; p = 0.0001) of the mean control value observed before482 Neuron 75, 479–489, August 9, 2012 ª2012 Elsevier Inc.TBS. However, TBS could not induce significant changes in
calcium responses of BC axon terminals in zebrafish at 15–20
dpf (Figure S2B), consistent with previous electrophysiological
results (Figure S2A). Because presynaptic calcium changes
can efficiently lead to changes in neurotransmitter release (Neher
and Sakaba, 2008), our results suggest that presynaptic
changes in neurotransmitter release may be involved in the
expression of LTP at BC-RGC synapses.
LTP Expression Involves Presynaptic Changes
in Transmitter Release Probability
To further examine the presynaptic involvement in the LTP
expression, we first examined changes in mEPSCs of RGCs
before and after LTP induction by TBS when TTX (1 mM) was
bath applied. As shown by the example in Figure 4A, an increase
in the frequency but not the amplitude of mEPSCs was observed
after the TBS, which enhanced the e-EPSCs of the same RGC
(compare the top and bottom traces in Figure 4A, right). In total
the frequencies of mEPSCs were 5.3 ± 0.7 and 7.3 ± 0.9 Hz
before and 10–40 min after LTP induction (n = 10; p = 0.01; Fig-
ure 4B), respectively. Meanwhile, the amplitudes of mEPSCs
were 4.8 ± 0.7 and 5.1 ± 0.6 pA before and 10–40 min after
LTP induction (n = 10; p = 0.1; Figure 4C), respectively. Consis-
tently, similar observations were found for spontaneous EPSCs
(sEPSCs) (Figure S5).
We then measured the PPR and CV of RGC e-EPSCs, two
parameters mainly reflecting properties of presynaptic neuro-
transmitter release (Faber and Korn, 1991; Singer and Diamond,
2006; Zucker, 1989), before and after LTP induction. As shown
by the example in Figure 4D, we found that the development of
LTP was accompanied by a significant decrease of the PPR,
which was measured at an interpulse interval of 1 s (von Gers-
dorff et al., 1998). In total the PPRs of RGC e-EPSCs were
0.85 ± 0.12 and 0.62 ± 0.07 before and 10–40 min after LTP
induction by TBS (n = 7; p = 0.007; Figures 4E and S6), respec-
tively. Furthermore, the CV of RGC e-EPSCs also showed signif-
icant decrease after LTP induction (Before TBS, 0.22 ± 0.02;
After TBS, 0.17 ± 0.01; n = 18; p = 0.005; Figure 4F). Taken
together, these findings imply that presynaptic change in the
probability of neurotransmitter release is involved in the expres-
sion of LTP at BC-RGC synapses.
AA Is Responsible for Presynaptic Expression of LTP
The induction of LTP at BC-RGC synapses requires post-
synaptic NMDAR activation, whereas its expression involves
presynaptic changes. This suggests that retrograde signals are
necessary for LTP expression at BC-RGC synapses. AA is
postulated as a postsynaptic NMDAR-dependent retrograde
signal (Dumuis et al., 1988; Leu and Schmidt, 2008; Sanfeliu
et al., 1990) and required for the presynaptic expression of hip-
pocampal LTP (Clements et al., 1991; Williams et al., 1989). In
zebrafish larvae, postsynaptically released AA can regulate
developing refinement of presynaptic axon arborization at reti-
notectal synapses (Leu and Schmidt, 2008). To examine the
role of AA in the LTP expression at BC-RGC synapses, we first
bath applied arachidonic tri-fluoromethyl ketone (AACOCF3,
100 mM), an inhibitor of cytosolic phospholipase A2 that is
required for AA release from neurons (Leu and Schmidt, 2008;
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Figure 4. Expression of LTP at BC-RGC Synapses
Involves Presynaptic Changes
(A) Sample recordings obtained from a single RGC
show mEPSCs (left) and e-EPSCs (right) before (top) and
30 min after (bottom) LTP induction by TBS. Middle view
demonstrates averaged mEPSCs. Right view presents
averaged e-EPSCs. The RGC was recorded under bath
application of TTX (1 mM). In this cell the extent of LTP was
140%, whereas the frequency and amplitude of mEPSCs
were 5.9 Hz and 9.2 pA before TBS and 10.2 Hz and 8.8 pA
after TBS, respectively.
(B and C) Summary of data showing the mean frequency
(B) and amplitude (C) of mEPSCs before and 10–40 min
after LTP induction by TBS, with data from the same
RGC connected by the line, is illustrated. The squares
show the average values. *p < 0.05 (paired Student’s
t test).
(D) An example showing that the development of LTP is
accompanied by a persistent decrease in PPR of the
amplitude of RGC e-EPSCs, is presented. Top view shows
TBS-induced changes in the amplitude of e-EPSCs re-
corded from a RGC. Bottom view illustrates TBS-induced
changes in PPR of e-EPSCs recorded from the same
RGC. The PPR of the first peak of e-EPSCs was analyzed.
Sample e-EPSCs recorded before (gray) and after (black)
TBS are shown.
(E and F) Summary of data showing changes in the PPR (E) and CV (F) of RGC e-EPSCs before and 10–40 min after LTP induction by TBS, with data from the
same RGC connected by the line, is illustrated. The squares show the average values. **p < 0.01 (paired Student’s t test).
Error bars, ± SEM. See also Figures S5 and S6.
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Long-Term Synaptic Potentiation in the RetinaSanfeliu et al., 1990), to suppress AA release. Pretreatment of
AACOCF3 for 30 min efficiently prevented TBS-induced en-
hancement of RGC e-EPSCs (Figure 5A) and changes in the
PPR and CV of RGC e-EPSCs (Figures 5B, 5C, and S7A).
Furthermore, AACOCF3 pretreatment also abolished TBS-
induced increases of calcium responses in BC axon terminals
(n = 34, obtained from four different retinae; Figures 5D and
5E). These results suggest that AA is required for the presynaptic
expression of LTP at BC-RGC synapses.
Next, we found that perfusion of AA (100 mM) itself for 5min led
to a persistent increase in the amplitude of RGC e-EPSCs for
more than 30 min (130% ± 7% of the control, n = 5; p = 0.001;
Figure 5F). Similar to TBS-induced LTP, this AA-induced
enhancement also involves presynaptic changes because both
the PPR and CV of RGC e-EPSCs were also significantly re-
duced after AA perfusion (compare Figures 5G and 5H with
Figures 4E and 4F). The PPR was 0.99 ± 0.09 and 0.81 ± 0.07
before and 10–30 min after AA perfusion (n = 5; p = 0.01; Figures
5G and S7B), respectively, meanwhile the CV was 0.31 ± 0.05
and 0.26 ± 0.06 before and after AA perfusion (n = 5; p = 0.03;
Figure 5H), respectively. Taken together, these results indicate
that AA is necessary and sufficient for the expression of LTP at
BC-RGC synapses.
Visual Stimulation Induces LTP at BC-RGC Synapses
We next examined whether natural visual stimulation can induce
LTP at BC-RGC synapses. We found that RFS (100 whole-field
flashes with 2 s duration at 0.33 Hz) caused a persistent increase
in the efficacy of BC-RGC synapses, as assayed by the ampli-
tude of e-EPSCs in RGCs (Figure 6A). The mean e-EPSC ampli-
tude during 10–35 min after RFS was 140% ± 11% of the controlvalue observed before RFS (‘‘No MK-801,’’ n = 9; p = 0.005; Fig-
ure 6A). This synaptic enhancement persisted for as long as
stable recording could be made. Similar to TBS-induced LTP,
this RFS-induced LTP at BC-RGC synapses required the activa-
tion of postsynaptic NMDARs because intracellular loading of
MK-801 (1 mM) into the RGC prevented the LTP induction by
RFS (‘‘MK-801,’’ 93% ± 9% of the control, n = 6; p = 0.74; Fig-
ure 6A). In addition both the PPR and CV of the e-EPSC ampli-
tude also showed significant decrease after RFS (Figure 6B).
Furthermore, following pre-exposure of the retina to prolonged
RFS (Pre-RFS; 0.33 Hz for 30 min), neither TBS nor RFS further
elevated the amplitude of e-EPSCs in RGCs (Figure 6C), indi-
cating that RFS-induced synaptic enhancement occludes TBS-
induced LTP. These results indicate that repeated visual inputs
can induce LTP at BC-RGC synapses via mechanisms that
may be shared by TBS-induced LTP.
TBS-Induced LTP Enhances Visual Responses of RGCs
To further determine the physiological consequence of LTP at
BC-RGC synapses, we investigated its effect on light-evoked
responses in RGCs. In 3–6 dpf zebrafish larvae, whole-field flash
(2 s duration) elicited both ON and OFF responses in 61% of
RGCs (259 of 425), and only ON (83 of 425) or OFF (83 of 425)
responses in the rest of RGCs. Examples of light response
subtypes are shown in Figure S8A. To assay light-evoked excit-
atory responses, we measured light-evoked EPSCs (l-EPSCs) in
RGCs at the reversal potential of light-evoked inhibitory postsyn-
aptic currents (ECl; Figures S8B and S8C), with a low frequency
of light stimulation (0.033 Hz). The magnitude of l-EPSCs in
RGCs, as determined by the total integrated charge associated
with l-EPSCs within a 100 ms window after the onset of l-EPSCsNeuron 75, 479–489, August 9, 2012 ª2012 Elsevier Inc. 483
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Figure 5. AA Is Responsible for Presynaptic
Expression of LTP
(A) Summary of data showing that TBS cannot induce
persistent enhancement of RGC e-EPSCs when the larvae
were pretreated with AACOCF3 (100 mM) for 30 min, is
presented. Data were obtained from six RGCs.
(B andC) Summary of data showing no changes in the PPR
(B) and CV (C) of RGC e-EPSCs before and 10–40min after
TBS when the larvae were pretreated with AACOCF3 for
30 min, is illustrated. Data from the same RGC are con-
nected by the line, and the squares show the average
values. The same data set was analyzed in (A)–(C) except
that PPR was not measured in one RGC recorded.
(D) Electrically evoked calcium responses of all five
responsive BC axon terminals from a single retina 0–5 min
before and 25–30 min after TBS application when the larva
was pretreated with AACOCF3 for 30 min, are shown. The
small black bars indicate electrical stimuli.
(E) Summary of data showing that TBS cannot induce a
persistent increase in the amplitude of calcium responses
in BC axon terminals when the larvae were pretreated with
AACOCF3 (100 mM) for 30 min, is illustrated. Data were
obtained from all 34 responsive BC axon terminals from 4
different retinae.
(F) Summary of data showing that 5 min perfusion of AA
(100 mM) can result in a persistent increase in the ampli-
tude of RGC e-EPSCs, is presented. Data were obtained
from five RGCs.
(G and H) Summary of data showing changes in the PPR
(G) and CV (H) of RGC e-EPSCs before and 10–40min after
AA perfusion, with data from the same RGC connected by
the line, is demonstrated. The squares show the average
values. The same data set was analyzed in (F)–(H). *p <
0.05 (paired Student’s t test).
Error bars, ± SEM. See also Figure S7.
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Long-Term Synaptic Potentiation in the Retina(Du et al., 2009), remained stable for up to 50 min under control
condition (Figure 7A). However, we observed persistent en-
hancement of light-evoked ON responses in eight out of eight
ON-OFF and one out of one ON RGCs (157% ± 17% of the
control, n = 9; p = 0.005; Figure 7B) after the induction of LTP
at BC-RGC synapses by TBS applied at the INL. In addition,
three out of eight ON-OFF RGCs also showed a persistent
increase in OFF responses after LTP induction. Thus, the LTP
at BC-RGC synapses can substantially enhance light-evoked
excitatory responses in RGCs, implicating its physiological rele-
vance to retinal functions during development.
Repetitive Light Stimulations Enhance Visual
Responses of RGCs
To explore whether natural visual stimulation can potentiate
visual responses of RGCs, we first examined the effect of RFS
on light-evoked responses of RGCs in zebrafish larvae at 3–6
dpf. In nine out of ten RGCs possessing ON responses, RFS
induced persistent enhancement of light-evoked ON responses
(167% ± 13% of the control, n = 10; p = 0.000007; Figure 8A),
whereas five out of eight RGCs possessing OFF responses
also showed a persistent increase in OFF responses after RFS.
In addition, repetitive MBS (width, 6 mm; speed, 0.1 mm/ms;
frequency, 0.25 Hz; duration, 5 min) also induced persistent
enhancement of moving bar-evoked responses in five out of484 Neuron 75, 479–489, August 9, 2012 ª2012 Elsevier Inc.five RGCs examined (194% ± 24% of the control, n = 5; p =
0.004; Figure 8B). Furthermore, 30 min pre-exposure of repeti-
tive moving bars occluded RFS-induced potentiation of flash-
evoked responses of RGCs (91% ± 5% of the control, n = 5;
p = 0.14; Figure 8C). Thus, different patterns of natural visual
stimulation can enhance visual responses of RGCs, suggesting
that visual experience is effective in modifying the function of
developing retinal circuits.
DISCUSSION
In this study we have performed in vivo perforated whole-cell
recording and GCaMP-based two-photon calcium imaging in
the developing zebrafish retina and demonstrated that both
electrical and natural visual stimulations can induce postsyn-
aptic NMDAR-dependent LTP at synapses formed by BCs on
RGCs. The expression of this LTP involves presynaptic changes
and requires AA signaling. Here, we demonstrate that excitatory
synapses in the retina can undergo activity-dependent long-term
synaptic plasticity.
Evidence for Long-Term Changes of Synaptic Functions
in the Retina
The absence of evidence for LTP in the retina had previously led
to the idea that the lack of long-term synaptic plasticity helps the
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Figure 6. Repetitive Light Stimulation Induces LTP at BC-RGC
Synapses
(A) An example (top) and summary (bottom, ‘‘No MK-801’’) of data showing
that RFS (100 flashes with 2 s duration at 0.33 Hz) increases the amplitude of
e-EPSCs, are illustrated. ‘‘MK-801,’’ summary data showing that RFS-induced
LTP was prevented under breakthrough whole-cell recording with intracellular
loading of MK-801 (1 mM) into recorded RGCs. The gray arrowheadsmark the
first peaks in e-EPSCs.
(B) Summary of data showing PPR (left) and CV (right) of RGC EPSCs before
and 10–35 min after LTP induction by RFS, with data from the same RGC
connected by the line, is presented. The squares show the average values.
Error bars, ± SEM. *p < 0.05 (paired Student’s t test).
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Long-Term Synaptic Potentiation in the Retinastability of visual processing in the retina. In recent years there
are scattered studies showing that synapses in both adult and
developing retinae are capable of undergoing long-lasting func-
tional changes in response to intensive stimulation. In the
adult goldfish retina, the transmission of reciprocal inhibitory
synapses formed by amacrine cells on BCs exhibits depolariza-
tion-induced enhancement for up to 10 min (Vigh et al., 2005).
During the critical period of visual system development, the traf-
ficking of AMPARs at mouse and rat BC-RGC synapses can be
regulated by light illumination (Xia et al., 2006, 2007). In devel-
oping Xenopus tadpoles, long-term changes in synaptic AMPAR
function at RGC dendrites can be induced by retrograde sig-
naling from the optic tectum to retina (Du and Poo, 2004; Du
et al., 2009). Our present work directly demonstrates that during
development, transmission of BC-RGC synapses in the zebra-
fish retina can be persistently potentiated by both repeated
electrical and visual stimulations. This LTP is similar to the typical
LTP found in central brain regions in both the time course and
postsynaptic NMDAR dependency (Lynch, 2004; Malenka and
Bear, 2004).
In the developing zebrafish retina, LTP can be induced at
both ON and OFF inputs of ON-OFF, ON, and OFF RGCs. First,
repetitive flash stimuli could induce LTP at BC-RGC synapses
in all three subtypes of RGCs (six ON-OFF cells, one ON cell,
and two OFF cells). Second, TBS could induce persistent
enhancement of both ON (nine out of nine) and OFF (three out
of eight) light responses among one ON and eight ON-OFF
RGCs. Third, RFS could induce persistent enhancement of
both ON (nine out of ten) and OFF (five out of eight) light
responses in RGCs. Please note that these data suggest that
ON synapses on RGCs are more prone to undergo potentiation
than OFF synapses. In mammals some subtypes of RGCs do not
undergo dramatic developmental remodeling of their dendritic
processes, but others do (Kim et al., 2010), implying that syn-
aptic activity-induced LTP may only occur at some subtypes
of RGCs.
Mechanisms Underlying Presynaptic Expression of LTP
at BC-RGC Synapses
Transmitter release at the BC-RGC excitatory synapse, a typical
ribbon synapse possessing high rates of exocytosis for trans-
mitting graded potentials, is highly regulated (Sterling and
Matthews, 2005; von Gersdorff et al., 1998; Wa¨ssle, 2004) by
reciprocal inhibition from amacrine cells (Du and Yang, 2000;
Vigh et al., 2005), autoreceptor feedback mediated through me-
tabotropic glutamate receptors (Awatramani and Slaughter,
2001), and the activation of protein kinase C in the terminals (Ber-
glund et al., 2002). These diverse forms ofmodulation at BC axon
terminals may provide possible presynaptic mechanisms under-
lying the expression of LTP at BC-RGC synapses.
In this study we found that the expression of LTP at BC-RGC
synapses is largely due to presynaptic changes. LTP induc-
tion leads to robust enhancement of calcium responses in the(C) An example (top) and summary (bottom) of data showing that pre-exposure
of the retina to prolonged RFS (‘‘Pre-RFS,’’ 30min) occludes TBS-induced LTP
at BC-RGC synapses, are demonstrated. Top view shows that the RGC was
sequentially stimulated by TBS and RFS after pre-exposure to prolonged RFS.
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Figure 7. LTP of BC-RGC Synapses Enhances Light-Evoked
Responses of RGCs
(A) An example (top) and summary (bottom) of stable long-term recording
showing changes in the total integrated charge of l-EPSCs in RGCs evoked by
whole-field flashes (2 s duration) at 0.033 Hz, are presented. The analysis
associated with ON responses is shown. The total integrated charge associ-
ated with l-EPSCs within a 100 ms window after the onset of l-EPSCs was
normalized by the mean value (dotted line) observed during the first 10 min of
stable recording. Sample traces (average of 20) are shown above, and the gray
arrowheads mark ON responses. The gray thick line above the sample trace
indicates a 2 s whole-field flash.
(B) An example (top) and summary (bottom) of data showing that TBS induces
a persistent increase in light-evoked ON responses in RGCs, are illustrated.
Top view shows that both l-EPSCs and e-EPSCs were intermittently recorded
from anON-OFFRGCbefore and after TBS, with sample traces (average of 20)
of l-EPSCs shown at the indicated time. The gray arrowheads mark ON
responses. The inset shows the sample traces (average of four) of e-EPSCs,
which were recorded before (gray) and 30 min after (black) TBS. The analysis
associated with ON responses is shown.
See also Figures S7 and S8.
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486 Neuron 75, 479–489, August 9, 2012 ª2012 Elsevier Inc.presynaptic site of BC-RGC synapses (Figure 3). Changes of
presynaptic calcium dynamics during long-term synaptic plas-
ticity have been implicated but rarely examined due to the small
size of presynaptic axon terminals at most central synapses
(Catterall and Few, 2008; Zhao et al., 2011). Taking advantage
of the transgenic zebrafish line expressing the Ca2+ indicator
protein GCaMP in BCs and the large diameter of BC axon termi-
nals, we have been able to obtain clear evidence in support of the
notion that presynaptic calcium change is involved in the expres-
sion of LTP. Because vesicle release is tightly regulated by Ca2+
concentration in presynaptic sites (Neher and Sakaba, 2008),
modulating presynaptic calcium dynamics can be an efficient
way for changing the probability of neurotransmitter release
during synaptic plasticity (Catterall and Few, 2008). The en-
hanced calcium responses in BC axon terminals are well consis-
tent with the finding that the expression of LTP at BC-RGC
synapses is accompanied by increased neurotransmitter re-
lease, as evidenced by an increase in the frequency but not
the amplitude of RGC mEPSCs and sEPSCs, and reductions of
both PPR and CV of e-EPSCs in the RGCs (Figures 4 and S5).
Interestingly, visual deprivation-induced alteration of excitatory
synaptic inputs to RGCs in the developing mouse retina is also
due to presynaptic changes (Tian and Copenhagen, 2001).
Thus, presynaptic sites of BC-RGCs synapses are susceptible
to modification by both neural activity and visual experience.
AA as a Retrograde Signal for LTP
Our findings on the postsynaptic induction and presynaptic
expression of LTP at BC-RGC synapses suggest the involve-
ment of retrograde signals. Our search for retrograde signals
led to the finding of AA as the most likely candidate. It has
been shown that AA can be released from postsynaptic neurons
in a NMDAR-dependent manner (Dumuis et al., 1988; Sanfeliu
et al., 1990) and is required for the presynaptic expression of
LTP at hippocampal synapses (Clements et al., 1991; Williams
et al., 1989). In our study, blocking AA release completely pre-
vented LTP expression in terms of the changes in both the
calcium response and transmitter release probability of BC
axon terminals. Furthermore, similar to the TBS effect, applica-
tion of AA alone induced presynaptic changes and persistent
enhancement of transmission at BC-RGC synapses, suggesting
that AA is also sufficient for the expression of BC-RGC LTP.
Interestingly, at the retinotectal synapse of zebrafish larvae, AA
has been found to be a retrograde signal for controlling the
refinement of presynaptic RGC axons (Leu and Schmidt, 2008).
There are several possible mechanisms by which AA may
enhance the probability of neurotransmitter release from BC
axon terminals after LTP induction. First, AA is known to elevate
intracellular Ca2+ concentration by either augmenting Ca2+ influx
ormobilizing Ca2+ from intracellular stores, or both inmany types
of neurons (Meves, 2008). Second, AAmay induce global activa-
tion of protein kinase C (Hama et al., 2004), which is capable of
increasing vesicle release from BC axon terminals (Berglund
et al., 2002). In addition, AA could elevate the extracellular
concentration of glutamate in the synaptic cleft by inhibiting
glutamate uptake into retinal glial cells (Barbour et al., 1989),
leading to enhanced activation of glutamate autoreceptors on
BC axon terminals after LTP induction, a process known to
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Figure 8. Visual Stimulus-Evoked Responses in
RGCs Are Enhanced by Repetitive Visual Stimu-
lation
(A) An example (top) and summary (bottom) of data
showing that RFS (100whole-field flasheswith 2 s duration
at 0.33 Hz) induces a persistent increase in flash-evoked
responses in RGCs, are demonstrated. Sample traces
(average of 20) are shown above. The gray arrowheads
mark ON responses, and the gray thick line above the
sample trace indicates a 2 s flash. Only ON responses are
shown.
(B) An example (top) and summary (bottom) of data
showing that repetitive MBS (speed at 0.1 mm/ms, 75
moving bars at 0.25 Hz) induces a persistent increase in
moving bar-evoked responses in RGCs, are illustrated.
Sample traces (average of 20) are shown above, and the
moving bar stimulus with rightward direction is shown in
the middle.
(C) An example (top) and summary (bottom) of data
showing that pre-exposure of the retina to prolonged
MBS (Pre-MBS, 30 min) occludes RFS-induced en-
hancement of flash-evoked responses in RGCs, are pre-
sented. Sample traces (average of 20) are shown above.
Only ON responses are shown.
Error bars, ± SEM. See also Figure S8.
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Long-Term Synaptic Potentiation in the Retinaenhance vesicular release at BC axon terminals (Awatramani and
Slaughter, 2001).
Functional Implication of LTP in the Developing Retina
In central brain regions, LTP shares similar molecular mecha-
nisms with developing refinement of neural circuits and can
lead to morphological changes of dendrites. It is thus believed
that LTP may underlie neural activity- and experience-depen-
dent refinement of neural circuits (Constantine-Paton et al.,
1990; Feldman, 2009; Fox and Wong, 2005). Visual experience
and neural activity can regulate diverse aspects of retinal devel-
opment (Feller, 2003; Fox andWong, 2005; Sanes and Zipursky,
2010; Tian, 2008), including the refinement of BC axon terminals
(Behrens et al., 1998) and RGC dendrites (Tian and Copenhagen,
2003; Xu and Tian, 2007), structural and functional development
of BC-RGC synapses (Kerschensteiner et al., 2009; Morgan
et al., 2011; Tian and Copenhagen, 2001), properties of the
receptive field of RGCs (Di Marco et al., 2009; Sernagor and
Grzywacz, 1996), and the segregation of ON and OFF visual
pathways (Bodnarenko and Chalupa, 1993; Bodnarenko et al.,
1995; Kerschensteiner et al., 2009; Morgan et al., 2011; Tian
and Copenhagen, 2003; Xu and Tian, 2007). Here, we find that
both natural visual and electrical stimulation can induce LTP in
the developing zebrafish retina, and visual stimulation-inducedNeuron 75,LTP can occlude electrically induced LTP, sug-
gesting that LTP reflects synaptic plasticity
mechanisms that may be utilized during visual
experience-dependent refinement of BC-RGC
connections. Interestingly, BC axon terminals
(Schroeter et al., 2006) and RGC dendrites
(Mumm et al., 2006) in the zebrafish are highly
dynamic at the developmental stages during
which our study was performed. In futurestudies it will be of interest to examine whether the induction of
LTP at BC-RGC synapses can lead to morphological changes
in pre- and/or postsynaptic neurons.
EXPERIMENTAL PROCEDURES
Zebrafish Larvae Preparation
Wild-type (WT) AB zebrafish were maintained in the National Zebrafish
Resources of China (Shanghai, China) with an automatic fish-housing system
(ESEN, China) at 28C. Embryos were staged as previously described by
Kimmel et al. (1995). Zebrafish-handling procedures were approved by Insti-
tute of Neuroscience, Chinese Academy of Sciences. For in vivo electrophys-
iological recording and time-lapse two-photon imaging, zebrafish aged at 3–6
or 15–20 dpf were immobilized with the neuromuscular junction blocker a-bun-
garotoxin (100 mg/ml), mechanically fixed by 1.0% low melting point agarose,
and incubated in HEPES-buffered saline containing 134 mM NaCl, 2.9 mM
KCl, 2.1 mM CaCl2, 1.2 mM MgCl2, 10 mM HEPES, and 10 mM glucose (pH
7.4). The lens of the eye was removed to expose the surface of the RGC layer
(Figure 1B).
In Vivo Perforated Whole-Cell Recording and Visual Stimulation
In vivo perforated whole-cell recording of cells at the ganglion cell layer was
made under visual control at room temperature (Zhang et al., 2010). In zebra-
fish larvae, displaced amacrine cells in the ganglion cell layer are rarely
observed (Connaughton et al., 1999; Kay et al., 2001; Zhang et al., 2010),
andmost of the cells at the ganglion cell layer are RGCs. The recording pipette
was made from borosilicate glass capillaries (WPI), had a resistance in the479–489, August 9, 2012 ª2012 Elsevier Inc. 487
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Long-Term Synaptic Potentiation in the Retinarange of 10–12 MU, and was tip filled with internal solution and then backfilled
with internal solution containing amphotericin B (200 mg/ml). The internal solu-
tion contained 110 mM K-gluconate, 6 mM NaCl, 2 mM MgCl2, 2 mM CaCl2,
10 mM HEPES, and 10 mM EGTA (pH 7.3). Therefore, the ECl was about
59.8mV. Recording was made with patch-clamp amplifiers (MultiClamp
700B; Axon Instruments). The whole-cell capacitance was fully compensated,
and the series resistance (10–20 MU) was compensated at 70%–80% (lag
60 ms) and monitored during the experiment. The data were discarded if the
series resistance varied by >20% during recording. Signals were filtered at
2 kHz and sampled at 10 kHz using AxoScope software 10.0 (Axon
Instruments). To electrically activate synapses formed by BCs on RGCs,
BCs at the INL were extracellularly stimulated by focal extracellular stimulation
(duration, 0.1 ms; intensity, 2–40 mA) with theta glass electrodes (tip opening,
1–2 mm). Data obtained from RGCs, which only exhibited e-EPSCs, were
collected and analyzed. In order to record mEPSCs of RGCs, TTX (1 mM)
was included in the bath solution. For whole-field flash and MBSs, a mini
LCD (Sony; PLM-A35) was mounted on the camera port of the microscope
(BX51WI; Olympus), allowing projection of computer-generated images onto
the retina of zebrafish larvae (Figure 1A). Visual responses were evoked by
whole-field flashes with a step increase (2 s duration) in the light illumination
or moving bars with rightward direction (width, 6 mm; speed, 0.1 mm/ms). All
drugs were from Sigma-Aldrich.
In Vivo Two-Photon Calcium Imaging and Image Analysis
For in vivo two-photon calcium imaging of BC axon terminals, we used double-
transgenic zebrafish Tg(Gal4-VP16xfz43,UAS:GCaMP1.6) larvae that were ob-
tained by crossing Tg(UAS:GCaMP1.6) (gift from Dr. Akira Muto) with the
enhancer trap line Tg(Gal4-VP16,UAS:eGFP)xfz43, in which a trapping vector
carrying an engineered yeast Gal4 transcription activator is expressed in
some specific subset BCs (Zhao et al., 2009). Time-lapse calcium imaging
was carried out under a 403 water-immersion objective (N.A. 0.80) with
a two-photon microscope (900 nm; Prairie Technologies). Images were
collected with an interval of 1 s. Fluorescence images within all stacks were
initially x-y aligned by using ImageJ MultiStackReg (NIH), and those showing
z axis drift after alignment were discarded. Fluorescence bleaching was cor-
rected by normalizing the images within a stack to the same intensity with
ImageJ Bleach correction. For each experiment, individual regions of interest
(ROIs) were manually drawn on single BC axon terminals and analyzed by
using ImageJ. The changes in fluorescence intensity of each ROI were calcu-
lated as (FF0)/F0, in which F0 was the average intensity of the ROI through all
stacks.
The morphology of some RGCs was revealed by lucifer yellow (1%),
which was included in the internal solution and loaded into the cell through
recording pipettes under breakthrough whole-cell recording mode. z stack
fluorescent images were taken with a 900 nm laser at a section thickness of
0.5 mm under 403 objective (N.A. 0.80) by using an Olympus FV1000 two-
photon microscopy.
Statistics
Statistical analysis was performed by using Student’s t test. The p value less
than 0.05 was considered to be statistically significant. All results are repre-
sented as mean ± SEM.
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